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Abstract

The generation of 3D models of buildings has been proved as a useful procedure for multiple applications related to energy, from
energy rehabilitation management to design of heating systems, analysis of solar contribution to both heating and lighting of buildings.
In a greater scale, 3D models of buildings can be used for the evaluation of heat islands, and the global thermal inertia of
neighborhoods, which are essential knowledge for urban planning. This paper presents a complete methodology for the generation of
3D models of buildings at big-scale: neighborhoods, villages; including thermographic information as provider of information of the
thermal behavior of the building elements and ensemble. The methodology involves sensor integration in a mobile unit for data
acquisition, and data processing for the generation of the final thermographic 3D models of urban environment.

© 2014 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/3.0/).

1. Introduction

Recent advances in equipment and data processing have led to
the generalization of the use of 3D models for the performance of
energy analysis of buildings, especially since most commercial
energy simulation software use the 3D model of the building as
the base of the geometry that stands the descriptive information
about construction elements, materials, and their thermal
properties [1]. At the beginning, the 2D maps of the original
design of the buildings were used for the generation, by a human
operator, of the corresponding 3D model; however, nowadays the
performance of measurements of the reality of the buildings
using laser scanning devices is more common [2,3], for the
acquisition of 3D point clouds also usable as input for the
analysis of the building, regarding both its energy consumption
[4] and its lighting needs [5].

On the other hand, the use of infrared thermography is
increasingly accepted for energy audits of buildings, because of
its capacity to detect thermal faults of different nature, such as air
infiltrations, thermal bridges and humidity areas, as well as
structural defects such as delamination, cracks and loose tiling
[6-10]. As a consequence, the natural evolution of the
coexistence of these two techniques has led to the appearance of
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different methodologies for the generation of thermographic 3D
models of buildings, destined to their use in energy efficiency
and energy rehabilitation management [11-12].

In spite of the wide variety of applications in the energy field
for building 3D models, either with thermographic information
or not, most studies focus on the buildings individually, not
paying attention to their environment. However, taking into
account the building in its position and with the surrounding
elements allows more realistic calculations of the energy demand,
as it is possible to calculate the solar contribution to the building,
both for heating and lighting systems [5,13,14].

Also, the joint analysis of groups of buildings can be used for
local policy making regarding the level of gas emission in the
area [15], for urban management with the aim at minimizing the
appearance of heat islands or alleviating their effect [16,17], and,
when focusing on individual buildings within the whole, manage
their energy rehabilitation works [18].

Some works have already dealt with the inclusion of
thermographic information in the studies of building groups: [19]
work in GIS (Geographic Information System) environment for
the thermographic inspection of building fagades, acquiring the
geometric data with a terrestrial laser scanner device. Since
terrestrial laser scanners are static, data acquisition is very time-
consuming, involving the displacement of the equipment to
several scanning positions. What is more, the need to register all
the point clouds in one point cloud of the complete area increases
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time dedicated to processing, as well as the geometrical
deviations. The capabilities of GIS environment limit the
geometric detail of the models, only allowing the introduction of
rectangular blocks that constitute a simplification of the building
geometric reality. In [20], they deal with the generation of
building 3D models directly from the thermographic image
sequences, using the knowledge of the GPS coordinates of each
image during the dynamic acquisition from a vehicle. Acquiring
data from a vehicle reduces significantly the working time, but
the generation of 3D models from the images implies a limitation
in the final geometric detail established by both the low-
resolution of the sensor and the photogrammetric methodology
applied.

In this paper we present a methodology for the generation of
thermographic 3D point clouds of urban areas, consisting on the
joint acquisition of thermal data with a thermographic camera,
and geometric data with a mobile laser scanning device. Both
sensors are mounted on a terrestrial vehicle for the sake of
acquisition speed and data integration. Data processing results on
the 3D point cloud of the area inspected, with color information
associated to the thermal state of each building and each building
element.

The paper is structured as follows: Section 2 presents the
inspection system: Thermographic Mobile Mapping Unit,
developed for data acquisition. Section 3 describes the
methodology followed for data processing and the generation of
thermographic 3D point clouds. Section 4 analyses the point
clouds resulting from the inspection of an area chosen as case of
study, showing the capacity of the methodology for the detection
of thermal faults from big-scale data. Finally, Section 5 includes

the conclusions extracted from the paper, and an evaluation of
the methodology presented and its results. The procedure is
presented through its application to a case of study described
below.

1.1. Case Study

The system and methodology presented in this paper are applied
to the thermographic inspection of a neighborhood in the city of
Avila, in the center of Spain (Fig. 1). The main objective of this
study is to test the performance of the system and the
methodology in a real case, looking for the achievement of the
expected results (thermographic 3D point clouds).

The city of Avila was chosen to its climate, which is
continental Mediterranean. This implies that the temperature
differences between summer and winter are very high, up to 30°C,
and that rain is scarce. This makes building materials suffer a
wide range of temperatures, with the consequent reactions of
contraction and expansion that could cause fissures and
deformation.

The area chosen is a neighborhood built in the last 10 years, so
the envelope consists on a structure of reinforced concrete, with
double layer of brick and an inner insulation camera (insulation
layer plus cavity wall). These buildings should not present a bad
thermal behavior, unless for the possible presence of thermal
bridges and for the bad installation if the insulation system. On
the other hand, the neighborhood is inhabited by young families
and students, which are the ideal fraction of inhabitants for being
subjected to energy studies, due to their a-priori interest in
energy efficiency and new technologies.

Fig. 2. (a) Thermographic Mobile Mapping Unit. (b) Scanning system. (¢) Thermographic camera.
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Fig. 3. Schematic figure of the Thermographic Mobile Mapping Unit, with
distances between the thermographic camera and the scanning system.
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Fig. 4. Synchronization of the scanning system with the thermographic camera:
the positioning system sends the time to the control PC and to the Arduino
microprocessor. When the time interval is reached, the Arduino sends a trigger to
the thermographic camera for the acquisition of an image. Images are sent to the
control PC via Ethernet, where they are stored together with their corresponding
time stamp from the positioning system. This way, thermographic image and
position in the trajectory are associated via the time stamp.

2. Thermographic mobile mapping unit

The Thermographic Mobile Mapping Unit, shown in Fig. 2,
has been designed for the joint acquisition of geometric 3D data
and thermographic data of big-scale areas, especially focused on
urban areas, where the combination of these types of information
is essential for a wide variety of applications, from condition of
infrastructural elements (pavement, road) to energy behavior of
buildings. The platform chosen for the development of the
prototype is a Mercedes Vito van (Fig. 2), but the same
procedure can be applied from any other wheeled vehicle.

The Thermographic Mobile Mapping Unit consists on a
scanning system from Optech, and a thermographic camera from
Xenics. The scanning system is formed by 2 scanning heads,
placed diagonally to the direction of the vehicle in such way that
the union of the measurements of the two heads measures plane
coordinates of all the points in 360°. It also includes a GNSS
(Global Navigation Satellite System) sensor for positioning the
vehicle in the global coordinate system; this way, the position of
the vehicle, and consequently of the sensors at every moment
during acquisition is known. In order not to limit the movement
speed of the Thermographic Mobile Mapping Unit, the scanning
frequency of the LiDAR sensors is set to 150 Hz, so they
generate 2D profiles of points. Each profile has a system position
datum associated, in such a way that the positioning of each
profile on the trajectory supplies the third coordinate to the points,
thus making possible the posterior generation of the 3D point
cloud.

However, the reception of satellites by the GNSS sensor is not
always guaranteed in urban environment, especially when
travelling through narrow urban canyons. For this reason, an
IMU is also integrated in the unit, (Inertial Measurement Unit).
This sensor is formed by three accelerometers, three gyroscopes
and a pressure sensor, measuring the rotation of the vehicle
during its displacement in the three angles (yaw, pitch, and roll,
or turns in the X, y, and z axis, respectively). The measurements
of this sensor allow the interpolation of the trajectory of the
vehicle between positions measured by the GNSS sensor, thus
completing those positions where the satellite reception is lost.
More information of the scanning system can be found in [21].

Regarding thermal information, the thermographic camera is
integrated in the system on a front position, looking at the
buildings in front of the vehicle, with a 45° angle regarding the
advance direction, either to the left or to the right depending on
the fagade under study and the allowed direction of circulation in
the road under inspection (Fig. 3). The position is chosen in order
to increase the field of view minimizing the angle effect in the
measurements of temperature [22]. The model used is Gobi384,
from Xenics, which presents an Uncooled Focal Plane Array of
384 x 288 microbolometers. The thermographic lens has a focal
length of 10 mm, implying a Field of View of 50° x 40° (3 x 3 m
at a distance of 3 m between camera and target). The maximum
acquisition rate of the camera is 20 images per second, and this is
the rate chosen for the acquisition from the vehicle, avoiding the
loss of information during displacement, and keeping individual

Table 1. Interior orientation parameters of the thermographic camera in the
thermographic mobile mapping unit.

Parameter Value St. dev
Focal Length (mm) 6.309 +0.015
Sensor size (mm) 5.999 x 4.500 -
Principle point (mm) X 2.881 -

Y 2.289 -
Radial distortion K, (mm) 1.142 x 107 £3.1 x 10"

K, (mm?) 2.924 % 10 +4.0 x 10°
Tangential distortion P, (mm'l) -1.813 x 10™* -

P, (mm™) 9.998 x 107

Table 2. Exterior orientation parameters of the thermographic camera with
respect to the scanning device.

Parameter Value
Pixel size (um) 15.625
Right side Roll (degrees) -2.25
Pitch (degrees) -2.50
Yaw (degrees) 52.55
Lever Arm X (m) 2.225
Lever ArmY (m) 0.450
Lever Arm Z (m) 0.175
Left side Roll (degrees) -1.70
Pitch (degrees) -1.80
Yaw (degrees) -68.50
Lever Arm X (m) 2.225
Lever Arm Y (m) -0.450
Lever Arm Z (m) 0.175
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images stable, with no blur effect. Each image is associated to a
position in the trajectory (Fig. 4), which allows its
georefenciation and later positioning in the point cloud.

In order to allow further correction of ambient and surface
parameters, the thermographic information is saved in .XVI
format, developed by Xenics, the camera manufacturer. This
format stores images in a single file, similar to a video, but
allowing access to the temperature matrices of each image.

One especial characteristic of the camera is its geometric
calibration, implying in this case the knowledge of its interior
orientation parameters, and of its exterior orientation parameters
with respect to the scanning device. Both sets of parameters are
shown in Tables 1 and Table 2, and their knowledge allows the
correction of the distortion in the images as well as the correct
positioning of each image in the point cloud.
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Fig. 5. Flow diagram for data processing towards the generation of
thermographic 3D point clouds.

Fig. 6. 3D point cloud generated from the combination of positioning and
scanning data.

The Thermographic Mobile Mapping Unit in its current
configuration allows the acquisition of geometric and
thermographic data of big areas at high speed. As an example, a
neighborhood of 157.000 m® can be inspected in only 1 hour,
involving the acquisition of geometric data (trajectory and point
clouds) in 9 strips in addition to the 9 -corresponding
thermographic image sequences, each of them with more than
300 images.

3. Generation of thermographic 3D point clouds

The generation of thermographic 3D point clouds from the data
acquired with the Thermographic Mobile Mapping Unit implies a
procedure with three different steps: generation of the 3D point
clouds from the data acquired with the LiDAR, the GPS and the
IMU sensors; thermographic image georeferenciation; projection
of thermographic images on the 3D point cloud (Fig. 5). These
steps will be explained in detail in the following paragraphs.

First, the trajectory followed by the Thermographic Mobile
Mapping Unit is calculated using the GPS and IMU data, and
then corrected using the closest GPS base for reference. The
trajectory is saved to a SBET file (Smoothed Best Estimate of
Trajectory), consisting on a high precision positioning solution.
The SBET file contains data about the GPS time, distance
travelled in the inspection, geographical and UTM coordinates,
orientation and speed in each spatial coordinate.

The calculated trajectory followed by the Thermographic
Mobile Mapping Unit, together with the position data of each
scanning head relative to the origin of coordinates are fused
together with the point clouds acquired with the LIDAR sensors,
using the timestamps transferred by the GPS. This step is
performed using DASHMap software by Optech®, provider of
the scanning system. The 3D point clouds are presented in .LAS
format (LASer file format, a public binary file format approved
by the American Society for Photogrammetry and Remote
Sensing, ASPRS), chosen for its capability for exchange of
LiDAR data from different sensors, Fig. 6.

Processing of the thermographic data can be performed in
parallel. The first step of this process is the conversion of each
image, from its matrix with temperature values, to a matrix with
grey values, where each position becomes the corresponding
pixel value. Then, each value is given a color according to a
color palette and the existing temperature interval; it is
recommended to choose a unique temperature interval for the
representation of all the thermographic images. This way,
comparisons can be made between buildings, and automatic
temperature segmentation of the point clouds can be

TPsfe"
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Fig. 7. Processed thermographic images, ready for being projected on their corresponding positions in the point cloud.
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implemented for all buildings with the same configuration [23].
This way, thermographic data is transformed from mathematical
matrices to image files (Fig. 7).

— 300C
— 260C
— 220C
— 180C
— 140C

Fig. 8. Detail of a thermographic point cloud, where the severe heat loss through
the windows and the elevator shaft is clearly visible due to the high temperature
of the surface (in red).

Since each thermographic file has associated a point in the
trajectory, and the position of the camera with respect to the
origin of coordinates is known, each set of pixel values is
projected into their corresponding positions in the point cloud.
This step is performed using the tool provided by Lynx
Software” for the projection of RGB images into the point clouds.
The fact of projecting thermographic images requires the
generation of a trajectory file compatible with the software,
which implies that the trajectory file should contain certain
parameters such as focal distance of the lens, orientation and
position of the thermographic camera respecting the origin of
coordinates in the Scanning System, and the time stamp of each
position (Fig. 5). The introduction of the interior calibration
parameters (Table 1) in the tool allows the correction of the
radial distortion introduced in the images by the lens previously
to its projection on the point cloud.

Finally, the projection of the pixel values on the point clouds
results in thermographic 3D point clouds. This step is based on
the perspective projection of each image into the point cloud (Eq.
(1)). Since all the parameters are known in advance thanks to the

= 300C
— 26.0C
— 20C
— 180C
— 140C
— 100C
— 60C

— 20C

— 20C
= S0C
— 100C

Fig. 9. Detail of thermographic point cloud, focusing on a building with noticeable thermal bridges in the union between floor slabs and the main fagade, due to their

high temperature (in yellow) in comparison with the fagade.

— 300C
— 260C
— 220C
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e
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Fig. 10. Detail of thermographic point cloud, oblique aerial view. A lack of insulation is detected in this set of buildings, due to the higher temperature of the main
facades (in orange) which are in contact with heated indoor spaces, with respect to the stairs shafts (in blue). What is more, the contacts between floor slab and interior
walls and the fagade (in red), are areas where heat is easily lost, thus constituting thermal bridges.
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orientation of the camera and the generation of the 3D point
clouds using GPS coordinates, this step does not require the
performance of any iteration. Consequently, image projection is
an efficient step, only limited by the number of points existing in
the point cloud and the number of thermographic images to be
projected. For this reason, the speed of the process is exclusively
dependent of the computer used, and its storage and computing
capacities.

[d]-R % [@-(9)] (1)
where [d]=[d,.d,,d.] is the 2D position of a point in the image, d.
is equal to the focal length of the camera (Table 1), R is the
rotation matrix defined by the orientation of the camera with
respect to the positioning system, which is established as
reference of coordinates. The rotation angles are given in Table 2,
[a]=[ay.ay,a.] is the 3D position of a point subjected to projection,
and [c]=[cyc),c.] is the 3D position of a point representing the
camera.

The final product allows the visualization of the thermal
information over the geometric information, providing complete
data in a practical and easy-to-use format to the building
inspector for the evaluation of the buildings in the area.

4. Energy-related studies in urban environment

The generated thermographic 3D point clouds are products that
stand the performance of thermographic analysis, detection and
interpretation of thermal faults, as well as geometric
measurements such as the length of the thermal bridges. Some
examples are shown in Figs. 8—11, corresponding to a case study
performed for testing both the system and the methodology.
Analysis can be performed both on a qualitative and on a
quantitative basis; for this reason, qualitative evaluations are
given in every figure caption, whereas a short quantitative
analysis is performed for Fig. 8.

In the case that interest is on the performance of quantitative
studies, the first step consists on the correction of the temperature
values in the thermographies, taking into account the emissivity
value of the different materials present in the image. The
emissivity values can either be extracted from tables published

il
JM}JM
EIIHI:WM ll':ll:ll|:'l|l i

_—l—pz

r

| ﬂ] i {,M‘
’ /fﬁ.‘

by different thermographic organizations [24], or calculated
through a simple emissivity test. The emissivity test consist on
the measurement of the real surface temperature with a contact
thermometer and the computation of the emissivity value using
the real and the thermographic temperatures, and Stefan-
Boltzmann’s law (Eq. (2)):

[erb]=% @

where &, is the emissivity value of the “Real Body”, 7, is the
temperature of the “Real Body”, measured with the contact
thermometer, 7,, is the temperature of the “Black Body”
extracted from the thermographic images.

Another option would be the performance of the emissivity test
based on the black tape as in [25], which is a more limited
approach given the need of placing tape in every surface, in
addition to acquire images where the tape appears and is clearly
distinguishable.

The building in Fig. 8 suffers an important energy loss through
the elevator shaft, which can be quantified using the information
included in the thermographic 3D point cloud: surface
temperature of 2°C, area of heat transmission 19 m’. Ambient
conditions during data acquisition were 6°C and 40% RH. The
configuration of the construction is known, as mentioned in
section 1.1 (double-brick layer, insulation layer consisting on
insulation plus cavity wall), allowing the computation of the
transmission coefficient for the envelope, also known as U-value.
Consequently, using the formula for heat transmission (Eq. (3)),
with a U-value of 0.52 W/m’K, leads to a heat loss through the
elevator shaft of 166.4 W:

O=Ux4 x (Text-Tint) 3)

Regarding the case of study, the complete thermographic 3D
point cloud is constituted by 35,514,404 points, unevenly
distributed in an area of 157.000 m’. This distribution is caused
by the measuring range of the Thermographic Mobile Mapping
Unit, since the upper part of the fagcades and the roofs cannot be
measured with it from the floor. An aerial view of the complete
point cloud is shown in Fig. 12. What is more, time saved with

— 30.0C
— 260C
— 220C
— 18.0C
— 140C
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— 20C
__ .20C
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Fig. 11. Detail of thermographic point cloud where the heat accumulation in the upper parts of the building can be detected due to the progressive temperature pattern:

from lower temperatures (blue, green) to higher temperatures (orange, red).
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Fig. 12. Aerial view of the thermographic point clouds generated from the area case of study.

Table 3. Comparison of time needed for the different processes involved in
energy audits, and products obtained. Time intervals are given, due to the
complexity of stating absolute values (which depend on the dimension of the
building, and the computing capacity of the PC used for data processing).

Typical inspection Proposed inspection
Data acquisition 1-2 hours 0.5-2 seconds
(per building)
Data processing 4-8 hours 5-10 minutes
(per building)
Products 2D map + 3D geometry with
Thermographic thermographic
report information (condition

of the envelope)

respect to a current energy inspection is significant, especially
taking into account that the products are not comparable: Table 3.

5. Conclusions

This paper presents a methodology for the generation of
thermographic 3D point clouds of buildings, in an automatic way
and implying short time-consumption for the inspection of
several buildings in the same area. The Thermographic Mobile
Mapping Unit mounted for this task is described, along with its
sensors. Data acquisition and processing procedures are
explained. Finally, some examples of the capabilities of the
methodology are shown.

The main contribution of the presented methodology is the
availability of three-dimensional geometric information of the
buildings together with the thermographic data, allowing the
detection of faults in a fast and easy manner for the building
inspector. In addition, the methodology stands the acquisition of
data from several buildings in the same inspection, speeding the
process as well as widening the inspections possible: individual
building inspection looking for thermal faults; quantification of
natural light available in each building, and each floor of the
building, regarding the shading buildings and obstacles [5,13].
The latter can also be useful for the analysis of glare problems
(both disability and discomfort), given that the 3D point cloud of

all buildings is available, and can be used for the analysis of the
trajectory of light rays using software such as Ecotect from
Autodesk®. Regarding group analysis, thermal inertia of building
groups can be studied, as well as detection of heat islands within
one urban area and identification of the building in the most
severe need of intervention, among others. What is more, the
presented methodology stands as a big advance in the field of
energy studies, which are currently performed building by
building, maybe using a thermographic camera but with the only
geometric support of the construction plans (if existing) or a laser
distance-meter. In addition, and comparing to current energy
inspections based on energy bills, the methodology presented
allows the identification of the areas where energy is more
wasted than used, both within each building and within the
neighborhood.

Although the methodology can be accused of missing detail
information of some parts of buildings, the detail provided is
more than enough for the main applications of the methodology:
detection of thermal faults with a certain significance to the
building, study of the thermal performance of buildings in a
group, and thermal behavior of the urban area. On the other hand,
the traditional method allows the operator to focus on the most
interesting elements, while the camera in the Thermographic
Mobile Mapping Unit is fixed on top of the vehicle, which
prevents it from moving.

In order to increase the automation and utility of this
methodology, for example for energy rehabilitation management,
future work will deal with the development of algorithms for the
automatic detection of heat leakages, moisture and cracks on the
thermographic 3D point clouds. Another interesting issue is the
use of the knowledge of the geometry of the building and the
surface of its roof for evaluating the optimal placement of PV
(photovoltaic panels). Apart from the computation of potential
areas for PV installation, the thermographic 3D point clouds can
establish the areas with the littlest shading projected by the
surrounding buildings (since the height of the different buildings
is available) [26]. In addition, thermographic 3D point clouds can
provide information about the most favorable buildings regarding

2383-8701/© 2014 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/).


http://creativecommons.org/licenses/by/3.0/

15 S. S. Lopez et al. / Journal of Daylighting 1 (2014) 8—15

solar radiation, given the temperatures reached in their upper part
(due to the Sun and not to the accumulation of hot air in the
upper part of the building, indoors.
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